Interlayer exchange coupling between layers with perpendicular and easy-plane magnetic anisotropies separated by a non-magnetic spacer is studied using ferromagnetic resonance. The samples consist of a Co/Ni multilayer with perpendicular magnetic anisotropy and a CoFeB layer with easy-plane anisotropy separated by a variable thickness Ru layer. At a fixed frequency, we show that there is an avoided crossing of layer ferromagnetic resonance modes providing direct evidence for interlayer coupling. The mode dispersions for different Ru thicknesses are fit to a Heisenbergtype model to determine the interlayer exchange coupling strength and layer properties. The resulting interlayer exchange coupling varies continuously from antiferromagnetic to ferromagnetic as a function of the Ru interlayer thickness. These results show that the magnetic layer single domain ground state consists of magnetizations that can be significantly canted with respect to the layer planes and the canting can be tuned by varying the Ru thickness and the layer magnetic characteristics, a capability of interest for applications in spin-transfer torque devices. Artificially layered magnetic systems display a remarkable variety of new physical phenomena, with important technological applications in information processing and storage.
Artificially layered magnetic systems display a remarkable variety of new physical phenomena, with important technological applications in information processing and storage. [1] [2] [3] [4] Magnetic order in these structures can be strongly influenced by the layer properties and interlayer exchange coupling (IEC). [5] [6] [7] [8] The latter's sign and strength can be controlled by inserting a non-magnetic spacer between ferromagnetic layers. By changing the thickness of the spacer, the interlayer coupling can be varied between antiferromagnetic and ferromagnetic. [9] [10] [11] [12] [13] [14] [15] However, in most cases, samples studied to date have individual ferromagnetic layers that have collinear easy magnetic axis (either perpendicular or in the layer plane), leading to either ferromagnetic or antiferromagnetic ground states of the coupled layers.
At the same time, the intense study of spin-current driven magnetization reversal has led to the discovery of new possibilities for high-performance non-volatile memory technology such as spin-transfer torque (STT) based devices. 16 The application of these technologies still faces many challenges, including ultrafast manipulation of the magnetization, reduction of the switching current, and increase of thermal stability. Through the introduction of materials with perpendicular magnetic anisotropy (PMA), it has been possible to increase the switching speed and the thermal stability as well as to reduce the switching current. [17] [18] [19] [20] In magnetic tunnel junctions (MTJ), one possible structure that supports an overall perpendicular configuration is the PMA/nonmagnetic (NM)/CoFeB layer stack, where the PMA and the CoFeB layers are strongly exchange coupled through the NM spacer. 21, 22 However, when all the magnetic layers have a perpendicular easy axis, the STT vanishes due to the collinear magnetization configuration. One possible solution is the introduction of a magnetic layer (either a fixed or free magnetic layer in a STT device) with an easy axis canted with respect to the perpendicular direction. In doing this, the STT would be present when a current is first applied, and moreover, thermal fluctuations would not be needed to initiate STT magnetization switching. 23, 24 In this letter, we report the properties of layers with perpendicular and easy plane magnetic anisotropies and strong IEC to determine their single domain magnetic ground states as a function of the coupling strength and sign. Instead of the MTJ structures mentioned above in which the (PMA and CoFeB) magnetic layers are strongly ferromagnetically coupled, we developed and studied a model material system with non-collinear magnetization and variable IEC: a Co/Ni (CoNi) multilayer with PMA and a Co 60 Fe 20 B 20 (CoFeB) layer with in-plane magnetic anisotropy separated by a variable thickness Ru interlayer. We use vector network analyzer ferromagnetic resonance spectroscopy (VNA-FMR) to determine the coupled dynamic modes of these layers, [25] [26] [27] measuring their dispersion as a function of the applied magnetic field.
We fabricated the following bi-magnetic layer stacks on oxidized silicon wafers by dc magnetron sputtering:
. 28 The thickness of the Ru spacer (t Ru ) was varied between 0.71 and 1.17 nm across the full 150 mm diameter of the wafer (i.e., there is a Ru thickness gradient of 3 pm/mm). A schematic of the sample is shown in Fig. 1 . The wafer was diced into 8 Â 8 mm 2 pieces, leading to 18 samples with different average Ru thicknesses. In addition to this sample, we prepared both a sample containing just the CoFeB layer, specifically Ta(5)/Cu(3)/Ru(1)/CoFeB(3)/Ta(3), 28 and a stack containing just the PMA layer, Ta(5)/Cu(3)/Ni(0.65)/ Co(0.3)/[Ni(0.6)/Co(0.2)] 5 /Co(0.18)/Ru(3). 28 We analyzed these single layer samples with FMR and vibrating sample magnetometry (VSM), in order to measure the moment density and gyromagnetic ratio of the two materials. For CoFeB and CoNi, we obtained a moment density of 1.345 Â 10 6 A/m (l 0 M s ¼ 1.690 T) and 4.775 Â 10 5 A/m (l 0 M s ¼ 0.600 T), respectively. The corresponding gyromagnetic ratios were 2.19 Â 10 5 m/(As) for CoFeB and 2.28 Â 10 5 m/(As) for CoNi. The effective PMA (i.e., the uniaxial out-of-plane anisotropy minus the demagnetization term, see below) of the CoNi single layer sample was determined to be 0.400 T by measuring inplane FMR and VSM-magnetometry data. We also found that in addition to the demagnetizing term, the CoFeB single layer film exhibits an easy-plane anisotropy of about 0.210 T, which produces a hard axis saturation field of 1.9 T, greater than l 0 M s . Such an additional easy axis type anisotropy has been reported previously for CoFeB/Ru layers. 29, 30 Each individual film FMR mode can be thought of as one of two eigenmodes of a hypothetical two-layer system, with the interlayer exchange coupling switched off. These two independent modes are represented as green triangles (CoNi) and black squares (CoFeB) in Fig. 2 (a), which shows the resonance field of each mode as a function of the out-ofplane angle of the applied field h. The excitation frequency was fixed at 25 GHz. We show the measurement of a bi-magnetic layer sample with a Ru thickness of 1.05 nm 31 displayed as blue circles. The corresponding microwave absorption lines are displayed in Fig. 2 (b), with each measurement scan scaled to have the same amplitude and then offset by a constant value to permit comparison. One important difference between the two sets of measurements in Fig. 2(a) , is the appearance of an avoided crossing (i.e., a frequency gap) between the two mode branches, indicated by the red arrow, roughly at the angle where the individual layers' modes cross. The avoided crossing is direct evidence for an interaction between the magnetic layers. Its angular shift with respect to the crossing of the two independent modes can be associated with changes in the magnetic anisotropy of the layers in the bi-magnetic layer samples (see the supplementary material).
In order to quantitatively determine the interaction strength, we performed FMR measurements with the field applied parallel to the sample plane. For each of the 18 coupled bi-magnetic layer samples, we measured the resonance field as a function of the applied RF field frequency, as shown in Fig. 3 . We then model these data with an areal energy density that assumes a Heisenberg-type exchange coupling between the layers Within the dashed blue rectangle, the amplitude of the absorption signal has been multiplied by five to make the lower field absorption peak more visible. S 12 is a component of the S-matrix that characterizes the microwave transmission of the coplanar waveguide, the ratio of the outgoing to incoming microwave signal. 32 It was measured with a vector network analyzer at a fixed frequency while sweeping the applied magnetic field. magnetic permeability and the layer thicknesses, respectively. We fix the lab coordinate system by defining the projection of the external field H in plane of the sample to coincide with the x-axis, and the out-of-plane projection of H to be identified with the z-axis. With this energy density, the equation of motion for the magnetization of each layer is
where the layer-resolved effective fields
are functions of both layer magnetizations, due to their interaction. In an external field, the bi-magnetic layer system will reside in a field-dependent ground state, a stationary solution of Eq. (2). In order to investigate the ferromagnetic resonance, we expand the equation of motion around the fielddependent ground state and study the small-angle excitations. For the expansion, in each layer, we switch to a rotated frame, where the new x-axis coincides with the ground state. Since the ground state in each case will lie in the x-z-plane of the original frame, the new frame is fixed by requiring that the new and original y-axes coincide. Denoting the coordinate tuples in the new frame bym i , in each layer, the new coordinates are related to the original ones by
where b i represents the out-of-plane angle of each individual layer magnetization. Thus, the system of equation of motion in the rotated frame reads
Expanding to first order in the four degrees of freedom of the magnetization and subsequent Fourier transformation leads to the eigenvalue problem
where C contains the individual layers' gyromagnetic ratios and A is a four by four matrix that depends on the magnetic properties and the state around which the expansion is made, in this case, the applied field-dependent ground state (see the supplementary material for details). In order to compute the eigenvalues of C A, the angles b i characterizing the field-dependent ground state have to be known. Above the in-plane saturation field, b i ¼ 0, we obtain an analytic expression for each FMR mode frequency as a function of the system parameters and the external field (see Eqs. (S6) and (S7) in the supplementary material). The experimental data show that in addition to the changes induced by the interlayer exchange coupling, the individuallayer properties of the two subsystems are altered when they are "brought together" in the bi-magnetic layer samples. As described in detail in the supplementary material, these changes in the magnetic layer properties are evidenced by the fact that although for certain Ru thicknesses, either one or the other of the two frequency branches comes close to its single layer film counterpart, there exists no Ru thickness value for which both frequency-versus-field dependencies simultaneously match those of the single layer samples.
In fact, by combining the two layers, the growth sequence and the overall electronic structure of the individual layers are modified, given that the electronic wave functions in this metallic structure extend throughout the layer stack, which is the origin of interlayer coupling in the first place. Additionally, changes in the thickness of the Ru spacer may introduce structural changes in the CoFeB layer. Thus, other materials properties, such as the magnetic anisotropy, may be expected to change in the multilayer structure as well. In order to incorporate changes in magnetic anisotropies on one hand, while at the same time keeping the number of free parameters to a minimum, we take the following approach: in addition to J, we let H k1 , the effective perpendicular anisotropy of the CoNi multilayer, be a fitting parameter. Regarding the CoFeB layer, we make the assumption that for high Ru thickness, l 0 H ð0Þ k2 approaches the value found in the single layer CoFeB system. Therefore, in our fits, we let l 0 H ð0Þ k2 interpolate linearly between zero at the low thickness end of the Ru wedge, and À210 mT on the high thickness end of the Ru wedge. To further reduce the number of free parameters for the fit, we fix the c i and M si to the respective values obtained for the single layers.
One of the resulting fits of Eqs. (S6) and (S7) is shown in Fig. 3 as blue solid lines. The dashed blue lines are the continuation of the two frequency branches below the saturation field, where, prior to solving the eigenvalue problem, we obtain the field-dependent ground state by numerically solving Eq. (4) for the corresponding stationary point. In doing this, we use the parameters obtained by the fit above the saturation point, so that these numeric data provide a consistency check of the model and parameters in the vicinity of the   FIG. 3 . Optic and acoustic FMR mode frequencies of a PMA-CoNi/Ru 0.85 nm/CoFeB structure as a function of the in-plane external magnetic field, displayed as black filled circles. These frequencies are obtained by fitting the modulus of the transmission coefficient S 12 measured by VNA-FMR to a Lorentzian function. The solid blue lines represent the fit to the experimental data using solutions to Eq. (5) whereas the dashed blue lines are the continuation for the two frequencies branches below the saturation field, calculated using the parameters obtained from the fit above the saturation field. The inset shows the VSM hysteresis loop, normalized magnetic moment versus external in-plane field for the same sample. saturation field. At even lower fields, the layer magnetizations break up into domains, imposing a limit to the applicability of our macrospin model. We note that over the full range of Ru thicknesses studied we obtain fits of similar quality to the FMR spectra. Figure 4 (b) displays the resulting coupling strength as a function of the t Ru . For small Ru thickness, we find antiferromagnetic coupling which at t Ru % 1 nm changes sign indicating ferromagnetic coupling. This behavior of J as a function of the Ru thickness is similar to that reported in Ref. 10 , where collinear fcc Co multilayers coupled by Ru were investigated; we find an interlayer exchange coupling for 0.85 nm thick Ru that is half that of Ref. 10 . Of course, quantitative agreement is not expected, as the interlayer coupling depends on many factors, including the composition and structure of the ferromagnets. 13 From the fit parameters, we computed the zero-field ground state configuration for a corresponding single domain element, which we display as pictograms at discrete Ru thicknesses in Fig. 4(b) . The zero-field polar angle of each layer magnetization as a function of the interlayer thickness is shown in panel (a). In the antiferromagnetic regime, the interlayer exchange coupling can result in significant tilting angles of the CoNi magnetic layer, whereas the CoFeB magnetization is more restricted to the sample plane, due to its larger effective anisotropy. Increasing the Ru thickness renders the IEC increasingly ferromagnetic, so that the mutual angle of the layer magnetizations in the ground state configuration decreases until both layers are essentially parallel and magnetized in-plane.
These results show that IEC can be harnessed to engineer tilted ground states in bilayer magnetic systems consisting of in-plane and out-of-plane magnetized materials, commonly used in spin-transfer device studies. Of course, in extended films, the magnetic ground states will be multidomain configurations. But when these layers are patterned into nanopillars (<100 nm diameter elements), as required for STT devices, we expect they will have the single domain ground states illustrated in Fig. 4 . Further, there will be dipolar interactions between the magnetic layers in the patterned elements that we have not considered in this analysis. Moreover, we have found an extended Ru-thickness range, from 0.7 to 0.9 nm, in which the coupling strength and thus the layer magnetization orientations exhibit a rather weak dependence on t Ru , which can make device properties less sensitive to variations in interlayer thickness.
In summary, we have investigated the interlayer exchange coupling in a sample consisting of PMA and easy-plane anisotropy magnetic layers. Using ferromagnetic resonance spectroscopy, we determined the IEC strength as a function of the Ru spacer thickness. For Ru thicknesses ranging from 0.7 nm to about 1 nm, strong antiferromagnetic coupling is observed, which leads to a canted single domain ground state. The mutual angles range from 120 in the antiferromagnetic regime down to 0 when the layers are coupled ferromagnetically at thicknesses around 1.17 nm. We note that since the IEC-induced effective fields acting on the individual layers are proportional to J=ðd i M si Þ, the saturation magnetizations and layer thicknesses could be used as additional means to vary the zero-field canting angle. We expect that when patterned into small elements, such bilayers could be utilized in spintorque devices, such as memory cells or spin-torque oscillators, where the tilted ground state may reduce the influence of thermal noise on switching found in devices with collinear ground states and thus lead to both faster and more reliable magnetization switching.
See supplementary material for a description of our model of the ferromagnetic resonance spectra and further details about the analysis. 
